The endohedral fullerene CH 4 @C 84 has been studied using density functional theory (DFT) and second-order Møller-Plesset perturbation theory (MP2). In addition to the structure with a COH bond of CH 4 in a tetrahedral pocket conformation, we find an alternative minimum, very close in energy (6.3-9.5 kJ/mol higher according to the level of theory), with the methane inverted, which we call the antipocket conformation. Computed IR spectra are reported for CH 4 @C 84 and also for the reference system CH 4 @C 60 . The calculated vibrational levels, in a harmonic approximation, reveal close-lying translational, librational, and shell-vibrational modes. The results are also presented for the isoelectronic species NH 4 ϩ @C 60 .
Introduction

W
hen putting a hand in a glove, we normally expect the fingers to enter the pockets provided for them. It would be rather surprising if a stable configuration were also found with the fingers positioned between the pockets. In this work we report a theoretical study of methane in a tetrahedral fullerene, where both possibilities form stable minima, at least within the theoretical models applied.
Endohedral fullerenes [1] are no longer new. Both atomic and molecular species have been experimentally enclosed inside a C n shell. The first one, He@C 60 , was discovered in 1992 [2, 3] . For methane in C 60 , both molecular mechanics [4] , semiempirical [5] , and ab initio [6, 7] studies on CH 4 @C 60 already exist. Also, methane in the higher tetrahedral fullerene C 84 was studied by Charkin et al. [7] , who furthermore considered the valence isoelectronic species BH 4 Ϫ , CH 4 , NH 4 ϩ , AlH 4 Ϫ , SiH 4 , and PH 4 ϩ in the same cage [6, 7] . Recently, the possibility of putting metal hydride molecules inside the cage, MH 4 @C 60 ; MASc, Ti, and Zr was considered by one of us [8] . This work predicted bound systems, but they were rather crowded and the cage was strongly deformed. In the ZrH 4 @C 60 case, for example, the energy of the system was ϳ400 kJ/mol above that of the components, ZrH 4 and C 60 . The possibility of forming metal-hydrides inside a nanotube was also considered and such compounds turned out to be energetically more favorable. Even more crowded is the case of neopentane inside C 60 , recently considered by Huntley et al. [9] .
Our interest in the present species was to study them as a less strained alternative to endohedral XH 4 hydrides. During the course of the work, we arrived at the two title conformations, namely two isomers of CH 4 @C 84 . They correspond to two different orientations of CH 4 with respect to the C 84 cage. We call them the pocket and antipocket orientations, meaning that the methane COH bonds are directed toward a shell protuberance, or opposite to one, respectively.
Several isomers of C 84 alone exist [10] . We have chosen the one with tetrahedral symmetry because we wanted to study a tetrahedral model case. To facilitate the possible identification, we provide synthetic infrared (IR) spectra. Those are also given for the CH 4 @C 60 reference system.
Finally, we note that there are experiments with CH 4 trapped in solid C 60 , but in those samples the methane is in the interstitial spaces between the icosahedra, not inside the icosahedra [11] [12] [13] . Comparative results are also presented for the isoelectronic species NH 4 ϩ @C 60 . We shall describe the methods used in the calculations, and we shall then present and discuss our results.
Methods
The program turbomole [14, 15] was employed. The calculations were performed using DFT, with the Becke-Perdew BP86 exchange-correlation functional. For H and C, a split-valence plus polarization basis set, contracted to 2s1p and 3s2p1d, respectively, was used. Equilibrium geometries and harmonic frequencies were computed for all species at the BP86/DFT level of theory, using the resolution-of-the-identity (RI) variant available in the turbomole package [14, 15] to make the calculations feasible. The auxiliary basis sets of split-valence plus polarization type, available in the TURBOMOLE library, were used for all atoms.
Comparative equilibrium geometry calculations on some selected structures were performed at the second-order Møller-Plesset perturbation theory (MP2) level with the RI variant, MP2, in order to check whether possible weak interactions between the H atoms and the fullerene cage would imply a substantial rearrangement of the structures. The energy difference between the supersystem and its constituents was computed at both the BP86/DFT and MP2 levels of theory. Correction for the basis set superposition error (BSSE) was included in the MP2 calculations of the energetics.
Harmonic frequency calculations were performed for all systems at the DFT/BP86 level, and for the two isomers of CH 4 @C 84 , also at the MP2 level of theory, to check that the presence of two almost degenerate minima was not an artifact of DFT. We are aware of the fact that the harmonic model may be just an approximation, but for much smaller systems with a few vibrational quanta, the density of vibrational states becomes prohibitively large.
Results and Discussion
In CH 4 @C 60 ( Fig. 1) both parts of the complex survive almost undeformed on complex formation. The deformations of the C 60 shell are a couple of picometers (pm) and the compression of the COH bond Ͻ1 pm. Note that T d is not a subgroup of I h . The minimum that was obtained has C 2 symmetry, only. The most significant structural parameters of CH 4 @C 60 are reported in Table I . The interaction energies for CH 4 @C 60 are reported in Table II .
It should be noted that the energy difference between CH 4 @C 60 and the two moieties, CH 4 and C 60 , has been computed including the zero-point energy (ZPE) correction at the BP86 level of theory, since, at this level of theory, all the structures have been characterized by harmonic frequency calculations. CH 4 @C 60 is 46 kJ/mol higher in energy than separated CH 4 and C 60 . This compound is thus indeed less endothermic for decomposition than the corresponding group 4 metal hydride compounds [8] . In contrast, MP2 theory predicts CH 4 @C 60 to be 29 kJ/mol more stable than its constituents, with the inclusion of the BSSE correction. The MP2 results are likely to be more reliable than the BP86 results, since they include also the weak interaction effects, and we thus conclude that the supersystem is energetically lower than the two constituents. (It is known that the MP2 method rather exaggerates the dispersion energies, compared to a CCSD(T) limit for the same basis [16, 17] .) A larger basis, which cannot be used at present, would be expected to strengthen the interaction [16] . Concerning the zero-point vibrational energy (ZPVE) corrections to the interaction energy, they were found to be negligible (0.4 kJ/mol) at the BP86 level. This effect will hence probably be negligible at the MP2 level as well. We consider the difference of Ϫ29 kJ/mol between the supersystem CH 4 @C 60 and its constituents as our best current estimate. Table III presents the harmonic vibrational modes of CH 4 @C 60 together with the experimental and calculated frequencies for empty C 60 . Because of the harmonic approximation used in the frequency calculation, the overtones of the lowest modes are not now visible. Because of the low symmetry of the complex, it is not surprising that the librational mode is strongly split.
A further aspect is that of the nuclear-spin functions for CH 4 or CD 4 . These hydrogen isotopes will span a spin space of dimension 16 or 81, respec- tively. These spin states will couple with the various tunneling or rotational states of the system. The vibrational spectrum of the system showed unexpectedly that three different modes have comparable frequencies: the translations (particle-in-aspherical box), the librations (hindered rotations of methane inside the deformed C 60 ), and the deformations of the C 60 shell, beginning with the lowest, h g , mode. Table III and IV also shows the splittings of the COH stretching modes. Two isomers of CH 4 @C 84 were found to be stable, with all frequencies real. As noted in the Introduction, we call them the pocket and antipocket orientations, meaning that the methane COH bonds are directed towards a shell protuberance, or opposite to one, respectively. The structures of the two isomers are shown in Figures 2 and 3 . To make more clear the structural differences between the two isomers, we show the two isomers projected into a plane orthogonal to one of the threefold symmetry axes (Figs. 4 and 5) . The COH bonds of methane point toward the vertexes of the triangle in the pocket isomer, while they point toward the sides of the triangle in the antipocket isomer.
They differ in energy by only 6.3 kJ/mol at the BP86 level of theory and 9.6 kJ/mol at the MP2 level of theory (the pocket isomer is predicted to be lower in energy than the antipocket isomer with both methods). The most significant bond distances of the pocket CH 4 @C 84 isomer are reported in Table  I . We do not report the structural parameters for the antipocket isomer because they are almost identical to those of the pocket isomer. The structures of the two components CH 4 and C 84 hardly change in the supersystem. The same holds for NH 4 ϩ @C 84 (see Table I ). The energy difference between the pocket and antipocket isomers is quite small. It is not unlikely that a slightly hindered or quasi-free rotation of methane molecule inside the C 84 cage will occur at conventional or lower temperatures. It would be desirable to find the transition state between the pocket and antipocket minima, but the size of the system and the multidimensional character of the problem make this currently too laborious. Similar nonrigidity effects (slightly hindered internal rotation) can also occur in CH 4 @C 60 , due to the high symmetry of the cage and the very flat potential energy surface (PES) along rotation coordinates.
The interaction energies for the pocket isomer are presented in Table V . The supersystem CH 4 @C 84 is 23.0 kJ/mol higher in energy than the two components at the BP86 level, a situation that is (1) 466 (1) 460 (2) 504 (4) 504 (4) (7) 471 (5) (1) 508 (5) 506 (4) 545 (4) 545 (3) Tables VII and  VIII . Some of the vibrational frequencies are different for the two isomers. It can be seen that the C 84 modes vary very little in the presence of CH 4 . The CH 4 "particle-in-box" and libration modes occur at different frequencies in the two isomers. In general 84 , the geometric parameters, and frequencies of the libration and translation modes, are similar to the conclusions presented in Refs. [6, 7] .
Concerning the translations, the mere localization [18] of the methane in a spherical box of radius R will lead to the energy levels
2 .
For the two lowest levels (s-levels with principal quantum number, n ϭ 1 and 2), the values of x are 3.142 and 6.283, respectively [18] . Using the methane mass m of 2.917 ⅐ 10 4 m e , the average frequency of 215 cm Ϫ1 would correspond to a 1 3 2 frequency at R ϭ 38.0 pm.
Concerning the stability of the complex, we expect that the two main interactions in CH 4 @C 60 are the steric repulsions and a dispersion-type attraction. It should be noted that the derivation for the London dispersion law has to be rewritten when one of the partners is inside the other.
Finally, we note that endohedral species with one or two hydrogen molecules inside a C 70 fullerene have been created by a "molecular surgery" approach [19, 20] and separated by highperformance liquid chromatography. Therefore, compounds of this type may indeed become available for experimental study in the future. The results on the complexes such as CH 4 inside C 84 seem particularly promising in this regard, even though it may be more difficult to synthesize C 84 compared with C 60 .
